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INTRODUCTION 

The purpose  of th i s  study w a s  to invest igate  the reac t ions  of anode feed 
m i x t u r e s  o v e r  candidate  anode ca ta lys t  combinations.  p r e v i o u s  work indicated 
that  s o m e  of the ca ta lys t s  suggested fo r  CO-tolerant  anodes w e r e  ac t ive  in  
promoting chemica l  reac t ions  of carbon monoxide with o ther  const i tuents  i n  the 
normal  anode fuels .  
could o c c u r  a t  the operat ing t e m p e r a t u r e  of the fuel ce l l  with ca t a lys t s  which had 
been formula ted  into fuel  ce l l  anodes with Teflon binder .  The re la t ive  extent of 
t hese  reac t ions  could i l l u s t r a t e  the mechanism of carbon monoxide to le rance  i n  
e lec t rodes  a n d  ind ica te  the formulat ions requi red  for  improved  anodes.  

A p r o g r a m  w a s  initiated to  de te rmine  i f  t hese  reac t ions  

The methanat ion of carbon monoxide with hydrogen w a s  one of the m a j o r  
reac t ions  expected. 

Methanation of CO: 

This reactio'n is  the r e v e r s e  of the reforming react ion and,  accord ing  to  f r e e  
e n e r g y  cons idera t ions ,  should proceed to the right a t  lower  t e m p e r a t u r e s .  

CO + 3Hz 2 CH, + HZO (1) 

CO Shift: CO + H 2 0  2 CO, + H, ( 2 )  

Another expected react ion is the CO shift.  Equi l ibr ium cons idera t ions  dictate  
tha t  the  s teady-s ta te  concentrat ion of CO is about 1700 ppm a t  150°C,  i f  the 
H,O/CH, r a t io  fed  to the  r e f o r m e r  is  2. 5. 
monoxide concentrat ion is  h igher  by a f ac to r  of 10. 
equivalent of this react ion i n  which the product  hydrogen is  d i rec t ly  oxidized. 
This  reac t ion  m a y  take p lace  i n  a n  operat ing fuel ce l l  because the hydrogen formed 
is adsorbed  on the  e lec t roca ta lys t s .  

With d ry  fuel, the equi l ibr ium carbon 
T h e r e  is a n  e lec t rochemica l  

Methanation of CO,: COZ + 4H2 2 CH, + ZHZO (3)  

Reacttion 3 ind ica tes  the d i r ec t  methanation of carbon dioxide a n d  is t h e  s u m  of 
Reaction 1 a n d  the r e v e r s e  of Reaction 2. However,  this react ion need not o c c u r  
s tepwise  with the formation of f r e e  carbon monoxide. 

Other  chemica l  reac t ions  a r e  a l so  possible;  however ,  t hese  reac t ions  have 
l i t t l e  likelihood of occur r ing  a t  the fuel ce l l  operat ing t e m p e r a t u r e  and the C - H - 0  
compo si t io n employed . . 

In th i s  paper  only the relat ive s t rength  of the anode ca t a lys t s  for  enhancing 
No  a t tempt  i s  m a d e  to r e l a t e  to the CO to le rance  of t hese  reac t ions  is presented .  

operat ing fuel ce l l  anodes,  except  i n  gene ra l  t e r m s  with known pas t  h i s to r i e s  of 
anode per formance .  

Cata lys t  Select ion 

All of  the anode ca ta lys t s  used i n  th i s  study w e r e  manufac tured  by American 
Cyanamid Co. accord ing  to  i t s  s tandard  techniaiies, hut with the  nohle rr~ctal  
const i tuents  specifie; below. 
5 m g / s q  c m ;  the oxide admixture  propor t ions  follower1 thc supp l i c r ' s  stantlarfl 
specif icat ions.  I n  mixed ca ta lys t s  the weight propor t ions  wcrc  cvcnly r1ivirlc:rl 

The noble metal  loading i n  al l  e l ec t r r~ r l c s  was 
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between the const i tuents .  
ra ther .  the composi t ions requested f rom the suppl ier  a r e  d i scussed  below. 

The ca ta lys t s  were  not analyzed f o r  p r e c i s e  composition; 

The anode c a t a l y s t s  tes ted were  - 

e Plat inum: Th i s  is the s tandard fuel ce l l  catalyst  and was used a s  a 
bas i s  of compar i son  for  the o the r  m a t e r i a l s .  

0 Ruthenium: Th i s  m a t e r i a l  is known to be act ive for  the methanation 
react ion (Equation 1) when deposited on alumina. 
of compar i son  f o r  plat inum-ruthenium mix tu res  ( 1 , 2 , 4 ,  7). 

0 Rhodium: P u r e  r h o d i u m j s  known to be sl ightly act ive in promoting the 
methanation react ion(2,4)  and  provides  a bas i s  for  compar ison  with 
platinum- rhodium mix tu res .  

It provides  the bas i s  

0 Platinum-Rhodium: This is  the s tandard Type-RA ca ta lys t  manufactured 
by A m r i c a n  Cyanamid and mentioned i n  i t s  basic  patent by Zier ing,  
L. K. (d). Studies  of t h i s  e l ec t rode  were  a l so  conducted by McKee 
- e t  a1.(5). 

0 Pla t inum-Rhodium + W 0 3 :  This is Cvanamid ' s  Type-RA anode; i t  is dis- 
cussed i n  the Z ie r ing ,  L. K. ,patent(d)and by R .  G. Haldernan(3),  a l s o  
of Amer ican  Cyanamid Co. 

Rhodium + WOs Although not a s tandard anode catalyst ,  excellent 
carbon monoxide  to l e rance  was claimed for  this combination i n  the 
Ziering. L. K., patent(8)of  Amer ican  Cyanamid Co. 

e Platinum-Ruthenium: This i s  the basic  mix tu re  used by General  
Elec t r ic  Company: Seve ra l  pape r s  have been publishcd on i t s  carbon 
monoxide to l e rance  (4, 7). 

8 Pla t inum-Ruthenium + WO,: This combinahon was selected because of 
the high act ivi ty  of the platinum-ruthenium and the beneficial effects of 
the addition of WO, i n  o the r  catalysts .  

0 Ruthenium + W 0 3 :  This catalyst  combines the bes t  f ea tu re s  of the 
ruthenium and the  W O ,  admix,  without the dilution effect of the platinum. 

e Pla t inum + WO,: This was a basic  r e f e r e n c e  ca ta lys t  to de t e rmine  the  
effects  of the oxide const i tuents  with a re la t ively i n e r t  base.  
t rode  combination exhibits carbon monoxide tolerance according to 
Niedrach and Weinstock (6). 

This e l e c -  

0 Platinum-Rhodium + M o 0 ~  Molybdic oxide was a consti tuent i n  the 
or iginal  p r e c u r s o r  of the Type-RA e lec t rode  and was studied i n  this 
p rogram ' to  d e t e r m i n e  the ef iects  of the MooL admix. 

Q Pla t inum-Ruthenium + M o o L :  This combination was chosen  to de t e r -  
mine  the effects  of the molybdic oxide admixture  upon the relatively 
act ive p l a t i n u m -  ru thenium noble me ta l  base.  

Pa l l ad ium was  not tes ted  because  i t  is  relat ively i n e r t  and iridium-containing 
e l e c t r o d e s  could not be supplied.  Variation of the noble me ta l  proport ions was 
not a t tempted i n  this  study; varying concentrat ions of the oxide admix tu re  were  
not  available.  

Table  1 l i s t s  the  c a t a l y s t  combinations used and the logical divisions 
according to s y s t e m s  and admix tu res .  
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Table 1. CATEGORIZATION OF CATALYSTS TESTED 

\ 

I 

Admixed Cata lys t s  
Metals Mixed Metals __ W O  < MOO, 

Rhodium Sys tem P t  P t  + wo,  
P t - R h  Pt -Rh + W O ,  P t -Rh  + MOO, 

Rh Rh f W O ,  

Ruthenium System P t  P t  t w o ,  
P t -Ru  P t -Ru  + W O ,  P t -Ru  + MOO, 

R u  Ru + W O ,  

Exper imenta l  Equipment a n d  Techniques 

The r e a c t o r s  f o r  this  work were  s tandard  fuel ce l l  h a r d w a r e ,  indicated 
schemat ica l ly  i n  an exploded view i n  F igu re  1. 
plates  were  tested a n d  found i n e r t  f o r  t hese  react ions.  The flow configurations 
i n  the 2 x 2 inch t e s t  ce l l s  were  checked fo r  uniformity by smoke  t e s t s .  These 
e l ec t rodes  were  placed aga ins t  a Teflon backup shee t  and the avai lable  a r e a  of 
the e l ec t rode  w a s  de te rmined  by the opening i n  the f r a m e  gaske t ,  ident ical  to a 
s tandard  fuel cell  compar tmen t  gasket .  Tantalum, expanded-metal  s c r e e n s  
were  used to fix the location of the electrode.  

Stainless  s t ee l  and tantalum cnd- 

The flow pa t t e rn  of this  react ion,  with the reac tan t  gas  pass ing  through 
a thin,  wide chamber  with one catalyzed wall ,  is not ideal .  However,  this  i s  the 
configuration used i n  m o s t  fuel c e l l s ,  and the equipment was s e t  up to r e l a t e  to 
operating fuel cel ls .  

The t e s t s  were  opera ted  with d r y  e l ec t rodes ;  that  i s ,  an ac id-soaked  
m a t r i x  was not p r e s e n t  behind the e lec t rode .  The acid was omi t ted  to avoid the 
effects of var iab le  e l ec t rode  drowning, g a s  dissolution r a t e s ,  equ i l ib r ium shifts 
due to wa te r  a t  the e l ec t rodes ,  va r i ab le  acid concentration with drying out of the 
ce l l ,  and o the r  effects  that  would a l t e r  the r a t e  
reactions.  The r e su l t s  p re sen ted ,  however ,  a r e  useful i n  re la t ing the relat ive 
activity of the catalysts  - a fac to r  which is not g ross ly  affected by the p r e s e n c e  
of an  electrolyte .  However,  in  a n  opera t ing  fuel cel l ,  the e l ec t rode  ope ra t e s  
at fixed potentials with r e s p e c t  t o  the electrolyte:  
equi l ibr ium due to the effect  upon the f r e e  ene rgy  change. 

a n d / o r  the reproducib i l i ty  of the 

This potential  m a y  s h i f t  the 

The exper imenta l  appa ra tus  is indicated schemat ica l ly  i n  F i g u r e  2. I n  
the flow s y s t e m  e i the r  s tandard  fuel gas  o r  a z e r o  gas  (for cal ibrat ing the in s t ru -  
ment) is  admitted t o  the s y s t e m  through a p r e s s u r e  regula tor  and block valve. 
The g a s  p a s s e s  through a flow-indicating ro tomete r  and a flow regu la to r  which 
control  a constant,  downst ream flow r a t e ,  r e g a r d l e s s  of the u p s t r e a m  p r e s s u r e .  
The gas  then flows e i the r  to the t e s t  ce l l  o r  to a bypass .  
the gas  goes e i the r  to a bubble f lowmeter  o r  t o  the gas  analysis  t ra in .  
bubble f lowmeter  is used to adjust  the flow con t ro l l e r  fo r  each  run. 
analyzing equipment is  ca l ib ra t ed  with a z e r o  and a s tandard  gas  a t  the beginning 
of each  run. I n  a given t e s t ,  when the ce l l  t e m p e r a t u r e  s tahi l ized,  a s  controlled 
by a propor t iona l  tempera ture- indica t ing  con t ro l l e r  and verified by a s t r i p - c h a r t  
t e m p e r a t u r e  r e c o r d e r ,  t he  bypass valve is c losed  a n d  the gas fed to the cell  f o r  
s e v e r a l  minutes  to e s t ab l i sh  s t eady- s t a t e  conditions.  The carbon monoxide a n d  
methane  contents i n  the effluent gas a r e  then recorded  a s  a function of t empera -  
ture .  

Leaving the s y s t e m ,  
The 

The gas 

The gas compositions a r e  de te rmined  bv  sensi t ive in f r a red  ana lyze r s  
ca l ibra ted  f o r  the detection of carbon monoxide a n d  methane. 
the ana lys i s  t r a in  is a L i r a  Model LOO. manufac tured  by M i n e  Safcty Appliances,  

The, f i r s t  unit i n  



_--._--- - ____ 
160 

Pi t t sburgh ,  Fa. I: has t h r e e  ca rbon  monoxi1 ! r a n e e s  wit v 

af ! O O ,  500. and 5009 p p m  CO. Although the  lower  r ange  is 
' scale  sens i t iv i t ies  

i r e c t  reading, non- 
l i nea r i ty  ex i s t s  in t h e  uppe r  two r a n g e s  S O  tha t  ca l ibra t ion  c u r v e s  a r e  requi red .  
When used with these  c u r v e s ,  the  L i r a  IR ana lyze r  continuously mon i to r s  the 
ca rbon  monoxide concentrat ion i n  the flowing g a s  stream with an  e s t ima ted  
a c c u r a c y  of Z $ o f  fu l l  s ca l e .  T h e  ana lyze r  u sed  fo r  methane determinat ion is a 
Lira Model 300, which h a s  g r e a t e r  e lec t ronic  d r i f t  so the absolute values of the  
me thane  concent ra t ions  a re  n o t  as  accura te :  
p p m  methane.  

This  unit h a s  a single range of 0-6000 

The g a s  flow rate used  in  m o s t  of t h i s  work  was  300 cu c m / m i n .  This  r a t c  
was chosen because it i s  n e a r  t he  lower r ange  of the  gas  analyzing equipment. 
Lower flows are time-consuming, and this s t anda rd  flow r a t e  ind ica tes  the re la t ive  
p e r f o r m a n c e s  of t he  ca ta lys t s .  
app rox ima te ly  equivalent to 30 t i m e s  the s to ich iometr ic  equivalent for  1- a m p e r e  
c u r r e n t  d ra in  f r o m  this s ize  cell, or 10  times the s to ich iometr ic  flow rate for 
100 A / s q  ft c u r r e n t  density.  The  a v e r a g e  r e s idence  time in  the cell is approxi- 
m a t e l y  3 / 4  second. 

For  compara t ive  p u r p o s e s ,  this flow r a t e  is 

The primary feed g a s  w a s  a s imulated r e f o r m e r  product:  

Hydrogen 79.79 
C a r b o n  Dioxide 20% 
C a r b o n  Monoxide 0 .3% 

G a s  of this compo$ition m a y  be expected a f t e r  r e fo rming  and shifting reac t ions  
with a high H20 /CH4 ra t io  in  the feed  to the r e f o r m e r .  This gas  composition w a s  
c h o s e n  because i t  is a poss ib l e  fue l  cell feed  and is n e a r  the mid - range  of the g a s  
analyzing equipment  i n  concent ra t ion .  

In some te s t s ,  a r e f e r e n c e  g a s  containing 80% hydrogen and 20% ca rbon  
dioxide was  used. 
feed. 
with 57°C dew point humidification to check the ef fec t  of m o i s t u r e  o n  the  
reaction. 

This g a s  d e t e r m i n e s  the e f fec t  of a ca rbon  monoxide-free 
Most  of the tests w e r e  r u n  with d r y  feed ,  although s o m e  w e r e  operated 

PRESENTATION OF RESULTS 

In terpre ta t ion  of the Data 

The relative capab i l i t i e s  of t hese  catalysts i n  promoting the  reac t inns  are 

Any i n c r e a s e  i n  the  CH, concent ra t ion  is indica t ive  of React ions 1 or 3. 
de t e rmined  by the change  i n  the CO and CH, concent ra t ions  i n  the effluent gas  
stream. 
Lf a n  i n c r e a s e  i n  CH, concen t r a t ion  is accompanied b y  a corresponding d e c r e a s e  
i n  the CO level, then  Reac t ion  1 t a k e s  place.  

A d e c r e a s e  i n  the C O  concent ra t ion  could m e a n  e i t h e r  Reaction 1 or  2 
o c c u r s .  
React ion 1. 
cates the reverse of React ion 2. 

As d i scussed  above,  a corresponding i n c r e a s e  i n  the CH, leve l  ind ica tes  
Any i n c r e a s e  in  CO content,  without a change i n  the CH, level, indi-  

The effluent f r o m  some rhodium-containing ca t a lys t s  f i r s t  shows a d e -  
crease in  the CO content ,  with a corresponding i n c r e a s e  in  CH,. 
t e m p e r a t u r e s ,  both the CO and CH, levels i n c r e a s e :  
methanat ion of ca rbon  monoxide at l o w e r  t e m p e r a t u r e s .  followed b y  the r e v e r s e  
C O  sh i f t  and  continued me thana t ion  at h igher  t e m p e r a t u r e s .  
methanat ion capabi l i t i es  of the ca ta lys t  are  weak, so the net GO content i n c r e a s e s .  

A t  h igher  
This is in t e rp re t ed  as simple 

However, the 
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F i g u r e s  3 and 4 p r e s e n t  the ca rbon  monoxide and n,etliatie conc rn t r a t ions  
in  the effluent f r o m  fuel-cell-type r e a c t o r s  containing "metal-only," ca ta lys t s .  In 
the  rhodium s y s t e m ,  the  e lec t rode  containing only platinum exhibited a sl ight r e -  
duction i n  the  CO concent ra t ion  (F igu re  3 )  a t  h igher  t e m p e r a t u r e s ;  the  plat inum- 
rhodium e lec t rode  was s i m i l a r l y  iner t .  
ca rbon  monoxide genera t ion  of about 50-100 ppm above 225°C. I n  F i g u r e  4, the  
plat inum exhibited a methane genera t ion  which was not significant. 
plat inum-rhodium u a s  ine r t .  The p u r e  rhodium e lec t rode ,  however ,  showed 
a definite methane generat ing capability. 

A pure  rhodium e lec t rode  showed a 

Again, the 

In s u m m a r y ,  the plat inum and plat inum-rhodium e lec t rodes  a r e  essent ia l ly  
i n e r t  in  the t e m p e r a t u r e  r ange  s t u d i e d .  
c a t a lys t ,  probably fo rming  CH, f r o m  CO: 
the r e v e r s e  CO-shift  reaction. 

The p u r e  rhodium is a weak methanat ion 
I t  i s  a l s o  sl ightly ac t ive  in  promoting 

Metals  - Ruthenium Sys tem 

' The p e r f o r m a n c e  of the ruthenium s y s t e m  metals is p resen ted  in F i g u r e s  

The ca rbon  
3 and 4. As indicated above, the  plat inum re fe rence  e l ec t rode  i s  a l m o s t  i ne r t ;  
however ,  the pu re  ruthenium one i s  a definite methanation ca ta lys t .  
monoxide concent ra t ion  i n  the  effluent f r o m  this e l ec t rode  d e c r e a s e d  rap id ly  a t  
t e m p e r a t u r e s  between 150" and 1 7 5 ° C .  S imi l a r ly ,  the me thane  concentration 
i n  the effluent r o s e  as  the CO concentration d e c r e a s e d ,  indicating tha t  the ca rbon  
monoxide was being methanated. 
concent ra t ion  continued to  i n c r e a s e ;  the g raphs  do not p r e s e n t  enough evidence to 
ind ica te  if ca rbon  dioxide was being methanated d i rec t ly ,  o r  i f  c a r b o n  monoside 
was being fo rmed  f r o m  ca rbon  dioxide and hydrogen by a r e v e r s e  C O  shif t ,  while 
the  high methanation capabi l i t i es  of the e l ec t rode  maintained a low CO concen t r a -  
tion. 
i n c r e a s e  sl ightly.  

At t e m p e r a t u r e s  g r e a t e r  than  175"C, the methane 

At h ighe r  t e m p e r a t u r e s ,  the C O  concent ra t ion  i n  the effluent tended to  
This  is i n  acco rdance  with the  equi l ibr ium cons idera t ion .  

The plat inum-ruthenium mixed e l ec t rode  a l so  exhibited methanat ion capa-  
bil i t ies (F igu res  3 and 4) but the effect  took p lace  a t  a h ighe r  t e m p e r a t u r e .  This  
ind ica tes  tha t  the ca ta ly t ic  s t r eng th  of the  plat inum-ruthenium e lec t rode  is not as 
g r e a t ,  probably because  of the  dilution effect  of the plat inum upon the ruthenium. 

' 

I n  s u m m a r y ,  i n  thr ruthenium s y s t e m ,  the  plat inum e lec t rodp  is ine r t ,  
but the  ruthenium e lec t rode  i s  ac t ive  in  promoting the  se l ec t ive  methanat ion of the 
ca rbon  monoxide. When the CO had been consumed,  additional methane was s t i l l  
gene ra t ed ,  indicating e i t h e r  a d i r ec t  methanation of ca rbon  dioxide,  o r  activity fo r  
the  r e v e r s e  CO-shift  reac t ion  followed by  enough activity fo r  the  CO-methanat ion 
r eac t ion  tha t  the  ca rbon  monoxide concent ra t ion  was maintained at  a low level.  
The plat inum- ruthenium e lec t rode  behaves s i m i l a r l y  to the ruthenium e lec t rode ,  
although a t  h igher  t e m p e r a t u r e s .  

Effect of Additives - Ruthenium System 

F i g u r e s  5 and 6 p r e s e n t  the C O  and CH, concent ra t ions  f r o m  t h r e e  
plat inum-ruthenium e lec t rodes .  One of t hese  e l ec t rodes  contained n o  admix tu res ,  
ano the r  contained tungs t ic  ox ide ,  and the th i rd  contained molybdic  oxide. These  
g r a p h s  ind ica te  tha t  the  tungstic oxide admix  significantly i m p r o v e s  the  mc thana -  
tion capabi l i t i es  of th i s  e l ec t rode ,  dropping the t e m p e r a t u r e  of reac t ion  to about 
150°C. The molybdic oxide admix,  however,  had no significant effect  up0.n the 
e l ec t rode ' s  methanat ion capabi l i t i es ;  i t  m a y  even have d e c r e a s e d  th i s  activity a t  
the  h ighe r  t e m p e r a t u r e ,  as  indicated i n  F i g u r e  6. However ,  t h e  MOO, admix  did 
cause a n  i n c r e a s e  in  the C O  concent ra t ions  a t  elevated t e m p e r a t u r e s  (Fij iure 5), 
indicating tha t  this  e l ec t rode  is ac t ive  i n  promoting the  r e v e r s e  GO-shift  reac t ion  
when used in  conjunction with platinum- ruthenium. 
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F i g u r e s  7 and 8 show t h e  CO and CH, concent ra t ions  in  a series of 
ruthenium-containing e l e c t r o d e s ,  both with and without tungstic oxide admix. 
These  g r a p h s  ind ica te  that the  P t -Ru  + W 0 3  is even more ac t ive  f o r  the methana-  
t ion  r eac t ion  than the  p u r e  ruthenium e lec t rode ;  the Ru + WO, is more ac t ive  yet.  
In c o n t r a s t ,  the Pt + WO, anode exhibits the same d e g r e e  of inactivity as the p u r e  
plat inum e lec t rode .  

Summar iz ing ,  t ungs t i c  oxide exhibits a definite syne rg i s t i c  effect  i n  
promoting the methanat ion reac t ion  when used in  conjunction with ruthenium- 
containing e lec t rodes .  
upon the  methanat ion r eac t ion ,  bu t  p r o m o t e s  the r e v e r s e  GO-shift reaction. 

Molybdic oxide admix  m a y  have a slight dep res s ing  effect  

Effect of Admixes - Rhodium S y s t e m s  

The  C O  and CH, concentrat ions f r o m  three plat inum-rhodium e lec t rodes  
a r e  given i n  F i g u r e s  9 and 10. 
conta ins  tungstic oxide,  and the th i rd  contains molybdic oxide admix. 
g r a p h s  ind ica te  tha t  the tungs t ic  ox ide  admix  p r o m o t e s  the genera t ion  of methane. 
At t e m p e r a t u r e s  less than  175°C. the methane apparent ly  is  f o r m e d  f r o m  ca rbon  
monoxide,  because  the  d e c r e a s e  i n  the CO concentration is  equal  to the i n c r e a s e  
i n  the CH, concentration. At e leva ted  t e m p e r a t u r e s ,  the CH, concent ra t ion  con- 
t inues  to inc rease :  
vity for the r e v e r s e  CO-shift  reac t ion .  

One of the  e l ec t rodes  contains no  admix,  another  
These 

The C O  concentrat ion also i nc reased ,  indicating ca ta ly t ic  acti- 

T h e  molybdic ox ide  a d m i x ,  however ,  p romotes  v e r y  little d e c r e a s e  i n  the 

In F i g u r e  10, the amoun t  of me thane  gen- 
This m a y  be  due to 

CO concent ra t ion  at l o w e r  t e m p e r a t u r e s ,  but apparent ly  promotes the r e v e r s e  CO- 
sh i f t  r eac t ion  at h ighe r  t e m p e r a t u r e s .  
e r a t e d  with the molybdic ox ide  a d m i x  is re la t ive ly  high. 
d i r e c t  methanat ion of c a r b o n  dioxide. 
e l ec t rode  without a d m i x  is r e l a t ive ly  inert. 

As  indicated e a r l i e r ,  the  platinum- rhodium 

F i g u r e s  11 and 12 p r e s e n t  the C O  and CH, concent ra t ions  f o r  the fami ly  of 
rhodium-containing electrodes both wi th  and without W 0 3  admix. As  indicated 
e a r l i e r ,  platinum, plat inum- rhodi-um, and plat inum + WO, are relatively iner t ;  
the  p u r e  rhodium e l e c t r o d e  has s l igh t  activity f o r  the methanat ion and r e v e r s e  CO- 
sh i f t  reac t ion .  However ,  with the addition of tungstic ox ide ,  the activity of the 
plat inum-rhodium e lec t rode  f o r  the  methanat ion and GO-shift  reac t ions  i n c r e a s e s  
significantly.  
obse rved :  
CO-shift  reac t ions  as the P t - R h  + W O ,  catalyst .  
to a n  i r r e g u l a r  ca t a lys t  s ample .  

These graphs  a l s o  illustrate the  one i r r e g u l a r i t y  which has been 
T h e p u r e  Rh + WO, e l ec t rode  is not as active f o r  the methanat ion or 

This effect  m a y  b e  real or due 

Su rnmarizing, tungs t ic  oxide admix  exhibits a definite syne rg i s t i c  effect in  
promoting the methanat ion and  r e v e r s e  CO-shift  reac t ions  when used i n  conjunc- 
t ion with rhodium-containing ca t a lys t s .  
ox ide  is r e l a t ive ly  ine r t .  
r e v e r s e  CO-shif t  reac t ion ,  although it m a y  have a n  effect on the  d i r ec t  methana-  
t ion  of c a r b o n  dioxide with plat inum-rhodium based  catalyst. 

However,  p u r e  plat inum plus tungstic 
Molybdic oxide  admix  apparent ly  p r o m o t e s  only  the 

Effect of C O - F r e e  F e e d  

F i g u r e s  13 and 14 p r e s e n t  the ca rbon  monoxide and methane concent ra t ions  

Apparently,  the m e t h a n e g e n e r a t i n g  
in  the effluent f r o m  a P t - R u  + WO, e lec t rode  with both the  s t anda rd  feed g a s  con- 
taining 3000 ppm C O  and with a CO-f ree  feed. 
capabi l i ty  of th i s  c a t a l y s t  is  g r e a t e r  with a GO-free feed: No ca rbon  monoxide is 
gene ra t ed  with th i s  ca ta lys t .  At t e m p e r a t u r e s  in  the range  of 125"-150"C. signi-  
f ican t  CH, is generated without appa ren t  CO i n  the effluent. This is the range 
(with the 3000 p p m  CO feed) where the C O  concent ra t ion  d e c r e a s e s  and the CH, 
concentrat ion i n c r e a s e s  i n  an  a p p a r e n t  s teady-s ta te  condition. 
c a t e  tha t  methane m a y  b e  gene ra t ed  f r o m  ca rbon  dioxide without a n  independent 

The new da ta  indi-  
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GO in te rmedia te .  
indicated t e m p e r a t u r e  range during the se lec t ive  methanation of the carbon 
monoxide. However,  with the CO absent  f r o m  the feed,  the carbon dioxide can 
methanate  d i rec t ly  and apparent ly  reac ts  a t  a lower t e m p e r a t u r e  when CO i s  
absent  f r o m  the feed. 

E a r l i e r  data indicated that  free CO would be p re sen t  i n  the 

F igu res  15 and 16 p resen t  carbon monoxide and methane concentrat ions 
f o r  a plat inum- rhodium + tungst ic  oxide e lec t rode  combination, both with and 
without carbon monoxide in  the feed. 
ca ta lys t  fo r  the CO-shift  react ion is  constant ;  F igu re  16 ind ica tes  the var ia t ion 
i n  the methane-producing capabi l i t ies  of the e lec t rode  with the feedstock. 
m o r e  methane is generated f r o m  a GO-free feed. S imi l a r  to the ruthenium- 
containing e lec t rode ,  methane is  generated in  a t e m p e r a t u r e  range where the 
CO/CH, ra t io  is much  lower than was required f o r  the 3000-ppm CO feed.  
fo re ,  it appeaJs that the COz i s  methanating a t  lower t e m p e r a t u r e s ,  but, a s  the 
t e m p e r a t u r e  inc reases ,  CO a l so  methanates  as the two l ines  of F igu re  16 m e r g e .  

With the feed containing 20% hydrogen and 20% carbon dioxide, the d i rec t  

The methane  genera ted  a t  any t e m p e r a t u r e  i s  g r e a t e r  than exper i -  

F igu re  15 ind ica tes  that  the activity of this 

Again, 

There-  

methanation of carbon dioxide is indicated fo r  both P t - R u  + WO, and P t - R h  + WO, 
e lec t rodes .  
enced with CO-containing fue ls  when se lec t ive  methanat ion of the carbon monoxide 
i s  experienced before  methanation of the carbon dioxide. 
containing e lec t rode ,  activity for  the r e v e r s e  CO-shift  reac t ion  was sti l l  evident 
a s  carbon monoxide was formed a t  higher  t empera tu res .  
methane-generat ing capabi l i t ies  f r o m  the two feed s t r e a m s  became s imi l a r  a t  
e levated t e m p e r a t u r e s  with h igher  CO concentrat ions,  indicating methanation of 
the carbon monoxide generated.  

Effect of Moisture  

With the rhodium- 

In this case, the 

Seve ra l  t e s t s  w e r e  made  with the fuel gas humidified to  57°C;  the dew point 
The water  i f  the  HzO/CH, ra t io  fed to the or ig ina l  hydrocarbon r e f o r m e r  w a s  2. 5. 

concentrat ion i n  the feed caused the effects  expected f r o m  equi l ibr ium cons idera-  
tions. 
CO generated by the r e v e r s e  GO-shift  Reaction 2. Extensive t e s t s  with m o i s t u r e  
i n  the feed w e r e  not run  because  they d i d  not a i d  i n  the genera l  purpose  of the 
p r o g r a m  - determining the relat ive catalyt ic  ac t iv i t ies  of candidate  anodes i n  the 
re formed fuel  mix tures .  

It reduces  the methane generated over  the ca ta lys t s  i n  Reaction 1 and the 

Effect of G a s  Flow Ra tes  

E a r l i e r  work had shown that  the methanat ion react ion was sensi t ive to 
contact  time. F igure  17 p resen t s  the methanation capabi l i ty  of a p u r e  ruthenium 
ca ta lys t  e lec t rode  a s  a function of flow ra te .  
major i ty  of the carbon monoxide is methanated d e c r e a s e s  f r o m  160" to 130°C as 
the flow r a t e  is  d e c r e a s e d  f r o m  500 to 100 cu  c m / m i n .  T h e s e  data, indicate that, 
a t  flow r a t e s  normal ly  employed at the fuel ce l l  anode, the t e m p e r a t u r e  01 the 
react ion d e c r e a s e s  so that significant methanat ion m a y  occur .  This  is pa r t i -  
cu la r ly  t r u e  in  the c a s e  of the CO-containing fuel i n  the po res  of the  electrode 
a s  longer  res idency t ime  would be expected in th i s  ca se .  

The t e m p e r a t u r e  a t  which the 

F igu re  18 p resen t s  a s i m i l a r  s e t  of cu rves  for  the var ia t ion  i n  the CO 

I n  th i s  c a s e ,  the methanation capabi l i ty  of the e lec t rode  is improved 
consumed,  with the flow r a t e  for  a plat inum-rhodium plus tungst ic  oxide e lec-  
t rode .  
with lower flow r a t e s ,  enough to  par t ia l ly  offset  the CO-increas ing  tendency of 
the CO-shif t  reac t ion  a t  h igher  t empera tu res .  Again, s ignif icant  chemica l  r e a c -  
tions could o c c u r  a t  the fuel  ce l l  operat ing t empera tu re ;  
on th i s  graph  is  s t i l l  s to ich iometr ica l ly  equivalent  to o v e r  300 A / s q  ft. 

the lowes t  flow ra t e  
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Noble metal catalysts formulated into fuel cell anodes maintained their 
activity for  the methanation reaction. 
t rodes exhibited significant methanating capabilities; pure ,rhodium electrodes 
showed some methanation activity. Therefore, the Teflon waterproofing is not  a 
significant deterrent to the reaction, nor is the alumina support u s e d  i n  granular 
methanation catalysts necessary for the reaction. 

Particularly, ruthenium-containing elec- 

Ruthenium-containing electrodes are active for the production of methane. 
If carbon monoxide is present  in the fuel, i t  is selectively converted to methane 
before the carbon dioxide reacts.  
directly f rom CO, i n  greater  quantities than i f  C O  was present. The ruthenium- 
containing electrodes appear to be inactive for the generation of CO from COz, 
although this effect could be masked by the CH~generat ing capability of the 
mate rial. 

If the feed is CO-free, CH, is generated 

Rhodium-containing electrodes a r e  much lese active for the generation of 
CHI from CO and COI ,  but the reactions still take place. Pure rhodium elec- 
trodem lppeutobe relatively inactive for  the generation of CO from C02. 

All the reaction8 terfed were renritive to flow rate,  indicating thbt reac- 
b n  time ir an important parameter  in the equipment configuration ured. 

The addition of molybdic oxide appearr to enhance the production of GO 
from GOa with both rhodium- and ruthenium-containing electroder. It har rlight 
rffrct u 'on the CHI ganerrting caprbilitier,sxcept,perhrpr, cauring rome produc- 
tion of 8% from CO, with PI-Rh r l rc t roder .  

Tho rddition of WO, to thr r l rc t rode ha8 a definite rynerpirtic effect for 
evrry cr talyr t  ComMnrtion ter t rd ,  excrpt pure platinum. With the ruthenium- 
containing dec t rodar  , tho methanation capabilitirr were riunificantly improved. 
The 'methanation caprbilitier were r h o  improved with the rhodiumeontaining 
electroder;  i n  addition, thir  conrtituant improved the generation of CO from COa 
with the rhodium catr lyr t  family. ~ 
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Figure 3. CARBON MONOXIDE IN EFFLUENT 
FROM METAL CATALYSTS 
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Figure 4. METHANE IN EFFLUENT FROM METAL CA.TALYSTS 

/ 



168 

Figure 5. EFFECT O F  ADMIX ON CARBON MONOXIDE IN 
EFFLUENT FROM Pt-Ru CATALYSTS 
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Figure 6. EFFECT OF ADMIX O N  METHANE IN E F F L U E N T  

FROM P t - R u  CATALYSTS 



169 

\ 
\ 

t 

$00 

5 
z 

4 

0 

E 2 u  

W 0 

0 0 

W e 
g m  
L 
z 0 m 

Q 0 

0 
W 75 100 I21 I50 I75 200 225 250 Z l 5  

TEMPERATURE. 'C . ...#. 

F i g u r e  7. E F F E C T  O F  WO, ADMIX ON CARBON MONOXIDE 
IN E F F L U E N T  FROM Ru-SYSTEM CATALYSTS 

FLOW R P T E  3 0 0 r u m t m n  

TEMPERATURE , ' C  . .,,.. 
Figure  8. E F F E C T  O F  WO, ADMIX ON METHANE I N  

E F F L U E N T  FROM Ru-SYSTEM CATALYSTS 



170 

T E M P E R A T U R E ,  'C . ...., n 

Figure  9 .  E F F E C T  OF ADMIX O N  CARBON MONOXIDE I N  
E F F L U E N T  FROM Pt-Rh CATALYSTS 
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Figure 17. CARBON MONOXIDE I N  E F F L U E N T  FROM Ru 
CATALYST AS A FUNCTION OF FLOW RATE 
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